We report measurements of third-harmonic generation from ultrathin crystalline silicon layers of gradually varying thickness. Both the angular and thickness dependence of the third-harmonic light generated in transmission at normal incidence are consistent with negligible surface contribution to third-harmonic generation in silicon, even under tight focusing. This work illustrates a method for distinguishing surface and bulk contributions to harmonic generation. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1412434͔
Nonlinear optical methods of studying surfaces and interfaces are attractive because they are noninvasive and nondestructive, can be used in a vacuum and in air, have enhanced sensitivity to atomic structure and bonding at interfaces, and can be used in real time. [1] [2] [3] [4] [5] [6] In centrosymmetric materials, such as silicon, even-order optical processes are forbidden to lowest order in perturbation theory, and this symmetry gives rise to the relative enhancement of secondharmonic generation at surfaces and interfaces, where the bulk symmetry is broken. 7 Inversion symmetry does not suppress third-harmonic generation ͑THG͒, however. Thus, one expects that, barring strong surface enhancement, the bulk contribution should exceed the surface contribution by roughly l /a, where l is the shorter of the coherence length and the escape depth of the third harmonic, and a is the lattice constant. 8 Even for strongly absorbing materials such as silicon, the number of bulk atoms participating in THG should greatly exceed the number of surface atoms, making THG an essentially bulk phenomenon.
Recent work by Tsang, 9,10 however, appears at odds with this interpretation. Using tightly focused femtosecond pulses from an unamplified Ti:sapphire oscillator, Refs. 9 and 10 investigated the dependence of THG on focusing conditions in both transparent and opaque materials. Transparent materials showed a tremendous enhancement in transmitted THG on focusing at surfaces and interfaces. With tightly focused beams, one expects a strong suppression of THG caused by the Gouy phase anomaly: 11 as the beam passes through focus, the phase of the third-harmonic ͑TH͒ source polarization varies by 3, thus spoiling phase matching. The significance of this effect can be diminished by breaking the symmetry of the focal region with an interface, 12 although Tsang reported that the phase shift effect was insufficient to account for observations. 9 Rather, Tsang attributed the enhancement to a significant surface contribution to THG. Such a surface polarization could arise from the strong electric field gradient near the interface between two dissimilar dielectric media.
To investigate the possible surface enhancement to THG at Si-SiO 2 interfaces, we have measured THG from ultrathin silicon layers as a function of Si layer thickness for thicknesses small and large compared to the absorption depth of the third harmonic. These measurements constitute a means to distinguish surface and bulk contributions to harmonic generation and show unambiguously that THG is bulk dominant in silicon.
Samples were prepared from UNIBOND silicon-oninsulator substrates made by Soitec, which had a 200-nm c-Si͑001͒ layer press bonded to a fused silica substrate. 13, 14 Pieces were oxidized in dry O 2 in a quartz tube furnace at temperatures between 950°C and 1050°C. A spatial temperature gradient was used to produce a silicon layer of gently tapered thickness 15, 16 varying by approximately 30 nm over a lateral distance of ϳ30 mm. The structure is illustrated in Fig. 1͑a͒ . To explore layer thicknesses d from 0 to 120 nm, several different samples were prepared, with overlapping thickness ranges. The gradual taper of the layer permits the thickness dependence of the THG to be investigated on a single sample with consistent orientation and oxide conditions. The thickness profile of the silicon layer and oxide overlayer were determined by measuring transmission spectra with a spectrophotometer in the range 200-800 nm and fitting to the thin-film equations. 17 With decreasing d below 6 nm departures from the dielectric function of bulk c-Si ͑Ref. 17͒ were observed, particularly in the neighborhood of the E 1 point. In this thickness range, quantum confinement effects significantly modify the dielectric function. However, good fits were obtained using a thickness-dependent semiempirical model of the dielectric function of c-Si layers. 18 The THG properties of the silicon layers were studied using a 100-MHz mode-locked Ti:sapphire laser ͑Clark-MXR NJA-5͒ producing 60-fs pulses centered at 820 nm, and the setup illustrated in Fig. 1͑b͒ . The beam was focused with a 40 mm focal length lens to a spot radius of 7 m; the peak intensity was below 20 GW/cm 2 . The transmitted THG was measured both as a function of sample rotation at fixed sample position, using a rotation stage, and as a function of position for fixed sample rotation, using a translation stage. A thermoelectrically cooled photomultiplier detected the TH photons. For the measurements reported here, the fundamental beam was incident along the normal and the transmitted THG was collimated, analyzed with a second polarizer, and separated from the fundamental with an equilateral fused silica prism. Stray fundamental light was rejected by a 20-nm bandpass interference filter centered at 266 nm. Care was taken to align the sample plane with the translation axis to within 2 mrad to avoid changes in focusing at the surface when measuring the thickness dependence of the THG.
Rotational scans of the TH intensity polarized parallel and perpendicular to the incident field are shown in Fig. 2 . The azimuthal angle is measured with respect to the ͑100͒ direction. The parallel-polarization data were obtained at a silicon thickness of 34 nm; they were fitted to the expression
where ϵ3 1212 / 1111 Ϫ1 is the anisotropy parameter. 19 The resulting value of ϭ0.71Ϯ0.01 is consistent with previous work on bulk samples using 770-nm femtosecond pulses, 9, 20 and differs slightly from a value at 819 nm using nanosecond pulses. 19 The perpendicular THG has the expected eight-fold dependence given by I Ќ (3) ϰ 1111 2 sin 2 4. The scan shown in Fig. 2 was taken at a layer thickness of 22 nm; similar traces were obtained for both parallel and perpendicular polarization throughout the range of this sample, which was 0-35 nm. The rotational THG scans thus confirm the bulk crystal symmetry and are consistent with, though not proof of, a bulk-dominant THG process in silicon, since the same azimuthal dependence would arise from surface-dominant THG.
We now show that the dependence of the TH signal on silicon layer thickness d provides such proof. Figure 3 shows the parallel THG as a function of d over the range 0рd р120 nm. Data from five different samples are combined in Fig. 3 by scaling to match in the regions of overlap, and the combined data set is compared to calculations of the d dependence for bulk-dominant and surface-dominant THG. The data plotted at negative d correspond to points on the thinnest sample past the end of the silicon film, and represent the background signal level. This signal is predominantly stray fundamental light leaking through the interference filter, as was confirmed by its linear dependence on pump intensity. It is more strongly suppressed in the rotational scans shown in Fig. 2 because of the greater path length between the dispersing prism and the detector in that setup.
The curves shown in Fig. 3 were calculated using a matrix formalism we have developed to account for the significant variation in the strength of the fundamental field in the silicon layer as a function of the thickness of both the upper oxide layer and the silicon layer itself. 21 In brief, the linear problem is solved first for the incident conditions of interest, yielding the amplitude and phase of the forward-and backward-going fundamental waves in the silicon layer. From these, the polarization at 3 is computed and used to solve the inhomogeneous wave equation, where N is the index of refraction at 3; P q is the nonlinear polarization at 3 having wave vector q along the sample normal, which is along the z axis; and ⍀ ϭ3/c is the vacuum wave vector at 3. 8, 22 In the absence of reflections at the Si-SiO 2 interfaces, there is a single polarization term with qϭ3wϭ3nk, where n is the refractive index at , kϭ2/ is the magnitude of the vacuum wave vector of the fundamental beam, and we assume normal incidence. However, the high dielectric contrast between Si and SiO 2 leads to significant reflections and strong modulation of the fundamental intensity in the silicon layer. At dϭ60 nm, for example, the fundamental field is only 61% of its peak value, which produces the pronounced dip in the detected THG shown in Fig. 3 . Furthermore, the presence of significant backward-propagating waves gives rise to three additional bulk source polarizations, with q ϭw,Ϫw, and Ϫ3w. These correspond to taking 2, 1, and 0 photons from the incident wave ͑and 1, 2, and 3 photons from the reflected wave, respectively͒. Curiously, because of the great difference between n() and n(3) ͑3.68 vs 2.25ϩ4.95i͒, the nonlinear sources that combine one photon from one beam with two from the other are better phase matched than the ''usual'' source that takes all three from the incident beam. It is, therefore, essential to include these ''mixed'' sources in the calculation. Note, however, that because the silicon thickness is 1000 times smaller than the confocal parameter, the Gouy phase anomaly is negligible here.
The inhomogeneous waves from the four source polarizations combine with forward and backward freely propagating waves at 3 in the layer, and with outgoing TH waves in the surrounding oxide layers. In the absence of surface source terms, the parallel components of electric and magnetic fields are continuous. If significant surface sources are present, these produce discontinuities in the parallel components of the harmonic fields at the interfaces. 2, 3 The boundary conditions permit the transmitted and reflected THG to be determined. The solid curve in Fig. 3 was computed assuming negligible surface sources. The agreement with the data throughout the 120-nm range of silicon layer thicknesses is excellent, including the range of thicknesses below 20 nm. Essentially, the same behavior was observed with a tighter focusing 15-mm focal-length objective.
The broken curve is calculated using no bulk sources, only surface sources. 23 It has been scaled to agree with the bulk-only calculation for d much greater than the attenuation length of the TH field, which is ␣ Ϫ1 ϭ8.8 nm. For d ӷ␣ Ϫ1 , any TH wave generated at the opposite interface is strongly attenuated in traversing the silicon layer. The dependence of the THG on d then arises solely from the variations in the fundamental field strength inside the layer, caused by the multiple reflections of the virtually unattenuated fundamental wave. Hence, for dӷ␣ Ϫ1 , surface and bulk sources are indistinguishable based on thickness. However, for small d, the difference between the surface and bulk sources is significant, with the surface-dominant THG rising considerably more slowly with silicon layer thickness. These data argue persuasively against significant surface enhancement to THG in silicon.
In summary, we have studied how transmitted THG depends on the thickness d of a Si͑001͒ layer surrounded by oxide. For d large compared to the absorption depth of the TH, the transmitted THG tracks the modulations in the intensity of the fundamental in the silicon layer, independent of the relative strength of surface to bulk sources. When d is of the order of the absorption depth, however, the predictions of surface-dominant and bulk-dominant THG differ significantly, and the data demonstrate a negligible contribution from surface effects. These measurements illustrate an approach to distinguish surface and bulk contributions to harmonic generation with broad applicability. Experiments on the thickness dependence of second-harmonic generation in silicon are under way and open up a means to study a nonlocal nonlinear source that is inaccessible to single-beam experiments. 
